Background: Obesity is a risk factor for colorectal cancer (CRC). Objective: The objective of this article is to investigate whether anthropometric measures reflecting visceral obesity are better predictors of CRC than body mass index (BMI). Methods: Data were analysed from the Malmö Diet and Cancer study in Sweden, comprising 16,669 women and 10,805 men (median age 56.6 and 59.1 years) followed for a median 21.5 years. Diagnoses of CRC were identified using Swedish national registers. Cox regression was used to test the associations of BMI, waist circumference (WC), waist-hip ratio, waist-to-height ratio, waist-to-hip-to-height ratio, A Body Shape Index (ABSI) and percentage body fat with the development of CRC adjusted for age, alcohol consumption, smoking, education and physical activity in men and women. Results: None of the measures were significantly associated with an increased risk for CRC in women. WC was the strongest predictor of colon cancer (CC) in men and the only measure that was independent of BMI. ABSI was the only measure significantly associated with the risk of rectal cancer in men. Conclusions: Visceral obesity, best expressed as WC, is a risk factor for CC in men but a poor predictive marker for CRC in women.
Introduction
Colorectal cancer (CRC) is the fourth most common cancer in terms of incidence and the third most common cause of cancer-related deaths worldwide in men and women, respectively. 1 In the United States, the incidence of colon cancer (CC) among adults younger than 50 years has increased, with an even greater rise in the incidence of rectal cancer (RC). 2 Recent changes in lifestyle-related factors, such as excess weight, sedentary lifestyles and unhealthy diet patterns have been proposed as mechanisms underlying the increased incidence. 2 Obesity, especially visceral obesity, is a general risk factor for the development of cancer, including CRC. 3 Visceral adipose tissue is an active endocrine organ, which produces pro-inflammatory factors, such as cytokines, and has a secretory profile different from that of subcutaneous adipose tissue. 4 For example, a decrease in the levels of adiponectin, a peptide hormone mainly secreted by adipocytes, may be an important mechanism underlying the increased risk of CRC in obesity. 5 Although body mass index (BMI) has long been used as a measure of obesity, it does not distinguish between body fat and muscular tissue or between visceral and non-visceral adiposity. 6 Therefore, other anthropometric measures that better reflect visceral adiposity may be superior predictors of CRC, and the predictive value of these measures might differ for CC and RC. Previous research provided evidence suggesting that the predictive value of obesity for CRC differed for men and women, with childhood obesity seemingly more important for women and weight gain in adulthood apparently more relevant for men. 7 Our aim was to investigate which anthropometric measure was the best predictor of CRC, CC and RC in adult men and women after a 22-year follow-up. We hypothesised that measures that better reflected visceral adiposity would be superior to BMI in predicting the development of CRC. In addition, we hypothesised that the anthropometric measures with the best predictive capabilities would differ according to cancer type (CC and RC) and sex. As an association between waist circumference and future CC in men and RC in women has been found in this cohort using a 14-year follow-up time and, with a slightly different aim and analysis strategy, 8 we test a 14-year follow-up time in addition to the full available follow-up time.
Material and methods

Participants and procedure
The Malmo¨Diet and Cancer cohort is previously described in detail. [8] [9] [10] This longitudinal study included all adult inhabitants of the city of Malmo¨, and baseline data collection was performed during baseline examinations between 1991 and 1996. In short, 28,098 individuals (women born between 1923 and 1950, n ¼ 17,035; men born between 1923 and 1945, n ¼ 11,063) attended a baseline examination by trained nurses at a screening centre, which included assessment of anthropometric measures. All the participants also completed a self-administered questionnaire including baseline data on smoking, alcohol consumption, educational level and physical activity. All participants provided informed consent.
All Swedish citizens are assigned a unique personal identity number, 11 which allows for linkage between study cohorts and follow-up data from nationwide registers. Follow-up data were acquired from the Swedish Cancer Register and the Swedish Cause of Death register until 31 December 2016 for the purpose of this study. The Swedish Cancer Register was established in 1958 and gathers information about malignant disorders. It is estimated to contain data on approximately 96% of all cancer diagnoses. 12 The Swedish Cause of Death register contains data on all deaths in Sweden since 1952. 13 The regional ethics board in Lund approved the study (LU 51/90).
Variables
Anthropometric measures. Anthropometric measures BMI, waist circumference (WC), waist-hip ratio (WHR), waist-to-height ratio (WHtR: WC divided by height), waist-to-hip-to-height ratio (WHHR: WHR divided by height), A Body Shape Index (ABSI: WC/ ((BMI (2/3) Â height (1/2) ) 14 and body fat percentage (BFP, BIA-103 single-frequency analyser, JRL Systems, Detroit, MI, USA) 15 was assessed as previously described in detail. 16, 17 Covariates. Smoking status was defined as being a current smoker, former smoker or never smoker. Alcohol consumption during the last 30 days 18 was quantified in grams per day. Higher education was defined as secondary or further secondary education. Leisure-time physical activity scores were based on the number of minutes expended in 18 different activities, multiplied by an activity coefficient and classified as low, moderate or high. 19 
CRC
The Swedish Cancer Register was searched for CRC diagnoses, with the diagnoses based on the International Classification of Diseases seventh edition (ICD-7) or ninth edition (ICD-9). CRC was defined as an adenocarcinoma located in the colon or rectum. Anal and appendiceal cancers were excluded. The locations of the cancer were also classified using ICD codes. A cancer in the rectum or in the rectosigmoid junction was classified as RC. CRC that exhibited histology not concordant with an adenocarcinoma was excluded based on Systematized Nomenclature of Medicine codes 2 or 3. Cases with CRC of unknown location were included only in the analysis using CRC as outcome.
Statistics
The different anthropometric measures were tested as predictors of CRC, CC and RC using Cox-regression models, and the main analysis strategy described below has previously been used to investigate anthropometric measures as predictors of health outcomes in this cohort. 16, 17 The follow-up time started at recruitment in the beginning of 1991 and stopped 31 December 2016 or at the time of the first diagnosis of CRC, death or emigration. The data were censored for deaths from causes other than CRC during the follow-up.
To compare the different anthropometric measures, they are presented as standardised measures, and hazard ratios (HRs) reflect changes per standard deviation (SD) increment. HRs for non-standardised BMI, WHR and WC values (for which limits for overweight/obesity are established by the World Health Organisation 20 ) are also presented to increase readability. These cut-offs are also used in the Kaplan-Meier analyses.
The main analyses included one crude model (Model 1) and one adjusted model (Model 2) for each anthropometric measure. A third model (Model 3), which controlled for BMI, was fitted in cases for which an anthropometric measure other than BMI was significantly associated with the outcome variable. Covariates in the multivariable analysis included age, smoking status, alcohol consumption, higher education and physical activity and all analyses were stratified by sex 16, 17 since anthropometric measures as well as age of onset of CRC, and possibly risk factors for CRC, differ between men and women. 7 Harrell's C-statistics were used to identify the strongest predictor of CRC. A score of 1.0 indicates perfect predictive capacity, whereas a score of 0.5 indicates no predictive capacity. 21 Likelihood ratio tests were used to evaluate whether the models including each anthropometric measure predicted CRC, CC and RC significantly better than a model including all covariates in the adjusted model. In addition, to ensure that the assumption about linearity in the associations are not violated, a univariable cubic spline regression model with three degrees of freedom and an alpha level of 0.05 was calculated per measure. 22 Furthermore, the interaction between overweight status (BMI dichotomised </!25 kg/m 2 ) and the strongest predictor for CRC was analysed to test whether overweight status moderated the predictive capabilities of anthropometric measures in terms of the development of CRC. Furthermore, the interaction effect between the following variables were analysed: the effect of smoking status and overweight status on the development of CRC, and the effect of smoking status and the strongest predictor for CRC on the development of CRC.
Kaplan-Meier survival analysis was performed to determine the association of BMI and WC with the development of CRC, stratified by sex and CRC location. A log-rank test was performed for each stratum. For the Kaplan-Meier analysis, BMI was categorised into three categories (normal weight !18.5-25 kg/m 2 , overweight !25-30 kg/m 2 and obesity !30 kg/m 2 ). The underweight category (BMI < 18.5 kg/m 2 ) was excluded from the analysis, as the numbers were very small. WC was dichotomised using a cut-off of </!88 cm for women and </!102 cm for men and WHR was dichotomised using a cut-off of </!0.85 for women and </!0.9 for men. 20 We repeated the main analysis (Model 2) with the same timeframe (end of follow-up 31 December 2009) and anthropometric measures (BMI, WC, BFP and WHR) as used by Bra¨ndstedt et al. 8 The effect of the interaction between the body measure with the best predictive ability (continuous variable) and overweight status (stratified by BMI > or <25 kg/m 2 ) on the development of CC was investigated to delineate whether the predictive capabilities of body measures were moderated by overweight status based on BMI.
Results
At baseline, the cohort consisted of 28,098 individuals. Of these, 155 individuals were excluded because of a previous diagnosis of CRC. After exclusion of 439 individuals with missing data on the anthropometric measures or covariates, 27,504 individuals with complete BMI is presented as a continuous parameter per kg/m 2 and categorised according to the World Health Organisation (WHO). The cut-off for WHR defined as 0.85 for women and 0.90 for men, comparing below and above cut-off. WC is presented both a continuous parameter and as above by the WHO-defined cutoff, 88 cm for women and 102 cm for men. HRs are adjusted for age, alcohol, smoking, higher education and physical activity.
In total, 937 (3.4%) (women, n ¼ 486; men, n ¼ 451) members of the study cohort developed CRC. Of these, 590 (63.0 %) had CC, 319 women and 271 men; 328 (35.0 %), 157 women and 171 men, had RC; and 19 (2.0 %) individuals had CRC of unknown location. Table 2 presents crude and adjusted standardised HRs, C-statistics and likelihood ratios for the studied anthropometric measures for CRC, CC and RC, stratified by sex. In women, none of the studied anthropometric measures were significantly associated with the development of CC or RC after adjustments for covariates. In men, all the studied anthropometric measures other than WHHR were significantly associated with CRC in the adjusted model. The results were similar for CC. BMI, WC and WHtR had the strongest predictive value for CC, but the difference in C-statistics between them was small (<0.01), and WC was the only measure that predicted the development of CC independently of BMI (Table 2) . Only ABSI showed a significant, albeit weak association with RC in men. No evidence against linearity in the associations was found in the cubic regression spline models (data not shown). Table 3 presents non-standardised HRs, representing a one-unit change for BMI and WC, in addition to HRs for predefined categories for BMI, WC and WHR. Figure 1 shows the Kaplan-Meier survival curves for the different categories of BMI and WC stratified by sex and cancer location.
Anthropometric measures as predictors of CRC
We observed similar results to Bra¨ndstedt et al. 8 in the analysis employing the 14-year follow-up. In women, no association was found between anthropometric measures and CC risk in the present study with the shorter follow-up period. However, statistically significant associations were seen between WC and BFP and the development of RC, similar to the study of Bra¨ndstedt and colleagues, 8 were found using the shorter timeframe. Among men, WC, BMI, WHR and BFP were significantly associated with an increased risk of CC but not RC, similar to the results from the full 22-year follow-up time used in the present study.
Overweight status and association between anthropometric markers and risk of CRC and CC. Among the anthropometric measures, WC best predicted CRC and CC but not RC in men. Thus, we tested whether the predictive capabilities of WC were moderated by overweight status based on BMI. Overweight status did not moderate the association between WC and CC in men (p for the interaction ¼ 0.19). Similarly, smoking did not moderate the association between WC or overweight status and future CC (p for the interaction between smoking and overweight status ¼ 0.96 and p for the interaction between smoking and WC ¼ 0.73).
Discussion
Several studies indicate that obesity, particularly visceral obesity, is a risk factor for CRC in men. 23, 24 For women the results of studies have differed, with some research observing an association between anthropometric measures and risk of CRC 25 but other research observing no such association. 23 Here, we found that visceral obesity was a strong risk factor for CC but not RC in men, and that anthropometric measures did not reliably predict future CRC in women. Previous studies have reported discordant findings on the association between anthropometric measures and risk of RC both in men and women. 23, 24 Studies on CRC prediction often differ in terms of the age ranges, follow-up times and variables used for adjustment. Thus, it can be difficult to compare the results. For example, a recent Norwegian study, in which ethnicity is very similar to that of our population, 24 reported that WC predicted RC in women. One reason for the discrepancies between studies may be disease processes relating to menopause. In the present study we had, based on age, almost exclusively periand post-menopausal women, whereas in the Norwegian study, the menopausal status of the population was likely mixed. The failure of anthropometric measures to predict cancer in women after extended follow-up may also be explained by women's weights being more prone to fluctuations over time as compared with those of men. Previous research found that weight in childhood is a good predictor in women, while weight change is a better predictor in men. 7 In the present cohort, anthropometric measures were assessed only at baseline, and influence of changes in measures over time on risk for CRC could not be tested.
In the present study, smoking was a risk factor for CRC and RC both in men and women (data not shown), but there was no interaction between smoking and anthropometric measures in terms of the risk of CRC. This finding is in contrast to that of a large Australian population-based study that found a prominent interaction between smoking status and anthropometric measures and future risk for cancer. 26 In the present study, WC was associated with a 25% increased hazard per SD for CC in men and adjusting for BMI strengthened this association, likely due to BMI being a poor discriminator between muscle and adipose tissue in men. 27 The inclusion of height-related measures did not improve the predictive value of WC. There is an ongoing discussion about how to target high-risk patients for CRC screening. Based on the Figure 1 . Kaplan-Meier survival analysis for categorised BMI (normal weight, overweight and obesity) and WC (dichotomised), stratified by sex and by location of the CRC. Log-rank test is shown for each stratum. Ranges for the Y-axis differ between graphs to optimise resolution. Without adjusting for other covariates, obesity assessed as BMI is a significant risk factor for CC in men and women alike. Likewise, in men WC !102 cm is a significant risk factor both for RC and CC. BMI: body mass index; CC: colorectal cancer; CRC: colorectal cancer; RC: rectal cancer; WC: waist circumference.
results of the present study, we suggest that WC may be considered instead of BMI for identifying men with an increased risk of CC. However, none of the anthropometric measures included in the present study proved useful in identifying future risk of CC in women or RC in women and in men.
Strengths and limitations
The main advantages of the present study include the large and representative sample of the general population, the long follow-up period (median 21.5 years) and the very low level of loss to follow-up (0.8%). Furthermore, trained nurses sampled the anthropometric markers, thereby removing the risk of underreporting common with self-reports of weight measures. 28, 29 The outcome variables were extracted from validated nationwide registers containing high-quality data. In addition, detailed registry data on tumour histology and location enabled us to exclude tumours with histology not consistent with adenocarcinoma and tumours located in regions other than the colon and rectum.
The limitations include the health status of the cohort, with the health status of the individuals who consented to take part in the study general better than that of those who declined to participate. 30 This may have led to an underestimation of the effect size. The cohort was representative of the general population in terms of socio-demographic factors, such as the proportion of immigrants. Although the cohort was mainly composed of Swedish-born participants, the genetic diversity in Sweden is as large as that in the United Kingdom, and the genetic profile of inhabitants in Southern Sweden is similar to that of inhabitants in Northern Europe overall. 31 Another limitation was the absence of data on family history of CRC, an important risk factor for CRC. Furthermore, we did not have data on hormone-replacement therapy in women; there are studies indicating that hormone-replacement therapy in women may mask the association between overweight and the risk of CRC.
23,32
Conclusion
Anthropometric measures did not predict CC or RC in women after 22 years' follow-up. WC was the best predictor of CC in men and the only predictor that was independent of BMI, whereas anthropometric measures were poor predictors of RC in men.
